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Type IIs.  A wonderful overhang cutter.

AAAAAAAAAAAA
CATG CATG NNN...NNN

mRNA

genomic DNA

CATG

NlaIII

BamHI
GGATCC

NlaIII
CATG NNN...NNN
forward tag

reverse tag

CATGNNN...NNN

genomic DNA 
(prokaryotic)

MseI sites immediately upstream (3’) from 16S rDNA standard primer (trials currently underway)

TTAA NNN...NNNTTAA
MseI

16S rDNA

standard 
primer (26)

genomic DNA 
(Human)

TTAA NNN...NNNTTAA
MseI

Methylated region 
(CpG island)

MseI sites immediately upstream (3’) from heavily methylated regions (CpG islands). 

tag

forward tag

TTAANNN...NNN

reverse tag

20 bp allows 420, or  1.2 × 1012 possible combinations.   A single tag from a microbe
is almost sufficient to identify family, or even species.   By obtaining tags from specific
locations relative to other genome features, even more information is added.   Several 
tags collected from an organism can identify species, in many cases.

3’-most NlaIII sites in BamHI fragments of genomes 
(Dunn, et. al, Genome Research 12, p1756, 2002)

3’-most NlaIII site in mRNA transcript (SAGE;  Velculescu, p15, Proceedings from SAGE 2001: 
Frontiers in Transcriptome Exploration, San Diego, 2001)

Begin with genomic DNA

How it worksFragmenting enzyme site 
reference positions 
BamHI (GGATCC)

Anchoring enzyme sites
NlaIII (CATG)

GSTs

Fully digest with fragmenting enzyme

1

Biotin

streptavidin

Fully digest with 
anchoring enzyme

Append biotinylated cassettes to fragment ends

magnetic
bead

2

3

4

CATG NNN . . . NNN Capture all biotinylated
fragments on magnetic, 
streptavidin-coated 
beads.  Wash away all 
other fragments. 6 Attach cassettes containing 

MmeI recognition sequence

7 Digest with MmeI

8 Discard beads,
collect fragments 10 PCR amplify, using biotinylated

primers based on cassettes

11 Release tags by re-digesting with
anchor enzyme.

CATGNNNNNNNNNNNNNNNNNTTCATG
13 Ligate into concatemers

CATGNNNNNNNNNNNNNNNNNTTCATGAANNNNNNNNNNNNNNNNNCATG

Punctuation fill
Anchor sequence

Punctuation indicates tag polarity

9 Attach 2nd cassette
12 Clean up cassettes with 

streptavidin beads

CATGGTGGGCCGCGCCCCTATTTCATGAAATCGCGAATTCCAAAGCCATG
AATCGCAACATCATCATTGCCATGAAGGATGTCATTGATATCGGCATGAA
TGGTTAATCAAGATGCCCATGAAAATAAGGTCTGACGTCCCATGAAGGGG
CGTTGGCAGGATGGCATGAAGCCCCCAAGGCTTTTCGCCATGTTCCGTCC
CATATTGCACTTCATGCCAAAGAAGCTGGCTCTTTTCATGTTTTGCGGCA
GGCTAAATTCATGAAAGCAATACATCTGGTTCCATGAAGAACCGAACCTC
CAGATCATGAACAATCAGTACATCGCTGTCATGCCTCCCAGGAAGCCTGT
TTCATGAATCTGGCTGTCGCCCAATTCATGACTGTAACCAATTTTTCTTC
ATGGTCGCGCGCATACCTGCTTCATGAAGCCCACATCCTGTCGCTACATG

anchor enzyme sequencepunctuation

#!/usr/bin/perl
#
# state machine loop to read fasta format sequences, make them into
# perl character strings, and then process them
#
while ( <> )                                         # keep reading lines
   {
    if ( /^>(.*)/ )                                  # is it a FASTA >header?
       {                                             # handle current sequence
        $new_header = $1;         
        process( $seq, $header ) if ( defined( $header ) );  
        $header = $new_header;                       # reset sequence header
        $seq = "";                                   # and buffer
       }
    else                                     # not a header? must be sequence
       {
        chomp;                               # off with the newline
        s/\s//g;                             # hose out all whitespace (if any)
        $seq .= uc( $_ );                    # uppercase it & append to buffer
       }
   }

process( $seq, $header ) if ( defined( $header ) );  #handle last sequence

sub process
   {
    my ( $seq, $header ) = @_;    
    my $pos = 0;
    if ( $seq =~ s/^$anch// )           # trim any beginning anchor seq
       { $pos += $anch_len; }           # (affects position counter)
    $seq =~ s/$anch$//;                 # trim any trailing anchor sequences
    @raw_tags = split( /$anch/, $seq ); # capture sequences between anch sites

    foreach $raw ( @raw_tags )
       { 
         if ( $raw =~ /^$punc_r.*$punc$/ )
            {
             $true_tag = $raw;   # tag begins and ends with punctuation, 
             $dir = "a";           # so we can’t determine direction.
            }
         elsif ( $raw =~ /^(.*)$punc$/ )
            {
             $true_tag = $1;       # this is clearly a forward tag
             $dir = "f";
            }
         elsif ( $raw =~ /^$punc_r(.*)$/ )
            {
             $true_tag = rc($1);   # this is clearly a reverse tag
             $dir = "r";
            }
         else
            {
             $true_tag = $raw; 
             $dir = "b"            # bad:  no punctuation found on either end
            }
         my $len = length( $true_tag );
         $len -= $punc_len if ( $dir eq ’a’ || $dir eq ’b’ );
         if ( $len >= $low_ext && len <= $high_ext )
            {
             if ( ( ($dir eq ’a’) && $opt_A ) ||
                  ( ($dir eq ’b’) && $opt_B ) || 
                  ( ($dir eq ’f’) && $opt_F ) ||
                  ( ($dir eq ’r’) && $opt_R )    )
                {
                 printf "%-25.25s %s %5d %s\n", $true_tag, $dir, $pos, $header;
                }
            }
         $n_raw++;
         $pos += length( $raw ) + $anch_len;
       }
   }

GTGGGCCGCGCCCCTATTT

Reverse.  tag is:   CATG + GGCATCTTGATTAACCA

split-tags

         .                .     .
         .                .     .
         .                .     .
GTGGGCCGCGCCCCTAT         f     4 
GCTTTGGAATTCGCGAT         r    27 
GCAATGATGATGTTGCGA        r    50 
CCGATATCAATGACATCC        r    74 
GGCATCTTGATTAACCA         r    98 
GGACGTCAGACCTTATT         r   121 
CCATCCTGCCAACGCCCC        r   144 
GCGAAAAGCCTTGGGGGC        r   168 
TTCCGTCCCATATTGCAC        f   192 
CCAAAGAAGCTGGCTCTT        f   216 
TTTTGCGGCAGGCTAAA         f   240 
GAACCAGATGTATTGCT         r   263 
ATCTGGAGGTTCGGTTC         r   286 
ACAGCGATGTACTGATTG        r   309 
CCTCCCAGGAAGCCTGT         f   333 
AATCTGGCTGTCGCCCAATT      a   356 
ACTGTAACCAATTTTTC         f   380 
GTCGCGCGCATACCTGC         f   403 
TAGCGACAGGATGTGGGC        r   426 
         .                .     .
         .                .     .
         .                .     .

Ambiguous tags are filtered out for rejection or seperate processing

#!/usr/bin/perl

while ( <> )
   {
    /^([A-Z]{$ext,})\s+([abfr])\s/ || die "bad line $_";
    ($t,$dir) = ($1,$2);
    next unless ( $dir eq ’f’ || $dir eq ’r’ );
    $tag = substr( uc( $t ), 0, $ext );
    $count{$tag}++;
   }

foreach $t ( sort by_count keys( %count ) )
   {
    printf $format, $t, $count{$t};
   }

sub by_count
   {
    if ( $count{$a} == $count{$b} )
       { return( $a cmp $b ); }
    else
       { return( $count{$b} <=> $count{$a} ); }
   }

clust-tags
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Shown here is a series of Monte Carlo samplings of 
Y. pestis BamHI fragmement defined NlaIII GSTs, 
taken from the genome.

Profiling Genomes with Genomic Signature Tags (GSTs)

http://genome.bnl.gov/GSTs

Rapidly identify microbes, even in complex communities

Allow quick development of microarray probe sets

 A powerful new technique that can 

undersampled

oversampled

Detect novel organisms
Determine abundance levels

Proof of principle:  GSTs of a known genome

Here’s an example of a concatemer sequence that was collected:

Three possible polarity punctuation conditions must be considered:

Forward.  tag is:  CATG + GTGGGCCGCGCCCCTAT 

AACAGAGGATCGCCAGTATT

AATGGTTAATCAAGATGCC

Ambiguous (Tag begins with AA in genome)
could be 
                CATG + AACAGAGGATCGCCAGTA
or
                CATG + AATACTGGCGATCCTCTG

The output from split-tags is a tabular stream of tag sequences, 
directions and positions.  The common CATG prefix in all tags
is not shown.  Tag lengths are evenly split between CATG +17
and +18;  the variation is a product of the MmeI enzyme

clust-tags truncates tags to CATG + 17 and tabulates tag frequencies.
The output is a simple table of tag and frequency (or count), sorted by
decending frequencies

ATCTGGAGGTTCGGTTC  65
CGTCATCTCGCTGAACG  45
CCCTGCGGTACGGGAGC  34
GATGTATTTACGGCGTC  34
GCTGCATTGGCACCGTT  23
CCAGCATCAGCCAGCGC  22
TAGGCTCGAGCCGCGCC  20
ATGACCAGCGGCAAGCC  16
CTGCTGTTCGTGCTGCT  16
GTGATGGGGGGCGCTTC  16
GTGCGCTTAGGGGCAAC  16
AGCTTGGGGGTACCGGA  15
GACGGGAAGTCGAAAGA  15
GCACCAATGCGCTCACA  15
ACATCTTGTGGGCTGAT  14
AGGAGTTCCCTTCCCCA  14
ATGGCCGACTCCGGTGC  14
CCATCGCGATCAGCGAA  14
CTAATGCTTCATCGGGG  14
GCGGTGATGTGATTGAT  14
GTTCGGATGGCTGCAAA  14
AGCCCCATCAATTGAAC  13
ATTAACATTTGTAGCAG  13
CAGCGGGCCAAGATCAC  13
CAGTCGCTGGTATTCAC  13
CGCTCATCGAAATTATC  13
CTGATAAACCGGGATCG  13
GAAAAGTGTATTCCGAT  13
GCATCGCTTAACGCCCA  13
GCCAATGCGCGGTGAGA  13
GTGGCTTGCAACAACCC  13
GTTAGCCATAGTGAAGC  13
GTTCGCCCGAAGCCTAA  13
TCGTTCAAATCAAAGGA  13
ATCCGGCTAACTGGCCG  12
CAACTTTGGCTTAACGA  12
CAGCATCGCCGCCCATT  12
CAGGAGAACGGCGAAGG  12
CGCCGATAGCACCGATG  12
GCCAGCGCGCGCCAGGA  12
GCTCCGTGACCAATGAA  12
GCTTGCAAGATGGACAT  12
GGTGTTCCCCCGCAGCC  12
GTGCGGCTCGATGGAAA  12
TCAAAACGATTACCACC  12
ACCGTAATGCCATCCAC  11
ACTCGTGGGGCAGAAGC  11
AGCCTCGGAAACCAGCG  11
ATGCAGCCCATTCCAGG  11
ATGCTATCCGGCCCACC  11
ATTATGCGTTATGCGCC  11
CCCCAGCCCTGGCCCGC  11
        .           .
        .           .
        .           .

Tag: CATG + ... Frequency
(or count)

                          Bam     offsets   number 
  tag (CATG+...)     dir  frag    3’    5’  collected 
       .               .    .     .     .       .
       .               .    .     .     .       .
       .               .    .     .     .       .
ATCGACAGCGATACCGG      f  521    65   5145      2 
ATCGCCGCCATCGGTGC      f  625   266    538      3 
ATCGCCTGATATTCCCG      r  110   334   9958      4 
ATCGCGATGGGTATCTT      f   50    21   7547      1 
ATCGCGGCAATCTGCCA      f  403   383   5967      7 
ATCGCGGTGTGTCAGGG      f  560    81    857      3 
ATCGGATCTTGTTGGTC      f  483    49   9728      1 
ATCGGCATAAAAGTTGC      f  121    72   1063      1 
ATCGGCCGTAAACGCGC      r   57   442   5595      9 
ATCGTCGGTGCGGTATG      r  625   254    550      1 
ATCGTCGTCTCGCGCAG      f  368   592   4195      3 
ATCGTTAATGTTCTGTT      r  398   902   9667      1 
ATCGTTCCTTACGGTTT      f  434   226   5852      2 
ATCTATTACCCGCTGTC      r  654    38   5627      1 
ATCTCGACCGCACACAT      r  550   137   2347      9 
ATCTGGAGGTTCGGTTC      f  685   137   6707     65 
                       f  679   137   7419  
                       f  658   137  43143  
                       r  603   137  12357  
                       r  587   137  10959  
                       f  172   137  13165  
                       f  122   137   4734  
                       r   13   137   1621  
ATCTGGTTGCTGCGTTC      f   54   265   3413      5 
ATCTTCCAGAATTTCCA      f  221   258   4777      4 
ATGAAAACCACGATCTT      f  385   108  11698      3 
ATGAAATGCGATCCCGT      r  105   228  17144      3 
ATGACACGCACCAACGG      r    4   299   9167      3 
ATGACCAGCGGCAAGCC      r  548   777    100     16 
ATGACCGTTGATGGAAA      f  666    39   5326      1 
ATGACCTTGGGTGTAAT      r  645    59  14077      1 
ATGACGATAGCGATGAA      f  171    72    820      3 
ATGAGGTCAAGCGGGAG      f   34    38  17789      3 
ATGAGTTCTATGGTGAA      r   50   799   6769      5 
ATGATCCGCTTGAGTCG      f  600    69  32659      3 
ATGCACTCGGTATTACC      f  570   197  10304      3
       .               .    .     .     .       .
       .               .    .     .     .       .
       .               .    .     .     .       .

5432 GSTs  were collected in total, from concatemers.  These
were then compared with a small database of 1326 GSTs that 
was generated from the Y. pestis genome sequence (CO92).
97% exactly matched 1133 GST sites in the genome.  The 
remainder were almost all matched imperfectly (sequencing 
errors) or matched other NlaIII sites.

This tag has a high frequency because it
occurs in a repeat element in the genome.

209 tags present in the database were not  observedin 
concatemers.  While this is partly due to the non-oversampled
statistics, a histogram of anchor-fragment end distances for 
observed and unseen tags indicates a distinct bias towards 
the short end.  A longer biotinylated cassette should rectify this 
problem.
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count

anchor - fragment end distance (nt)
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DNA extraction
(no isolation or 
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GSTs

This series of histograms for Monte Carlo simulation 
of drawing GSTs (SpeI fragment, NlaIII anchor)
demonstrates this effect.   The organisms and 
abundances used are:

 Organism                       # GSTs   Abundance

 Deinococcus radiodurans           42      41.1%
 Escherichia coli K12             140      18.2
 Agrobacterium tumefaciens C58     96      12.7
 Campylobacter jejuni             262       8.6
 Pyrobaculum aerophilum           452       7.1
 Pseudomonas aeruginosa            74       2.0
 Sulfolobus solfataricus         1518       5.6
 Sulfolobus tokodaii             1156       3.1
 Bacillus subtilis                308       0.9
 Ralstonia solanacearum            72       0.8

Tag frequency
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D. radiodurans is offscale
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B. subtilis

800K samples is sufficient to
isolate 9 out 10 organisms and 
determine abundances

GST Bam

Typical extension length ~ 300 bp

   BamHI         tag     3’ end     # tags      # tags
 fragment dir position   offset  in genome     sampled         seq
      .   .       .           .          .           .          .
      .   .       .           .          .           .          .
      .   .       .           .          .           .          .

     307  f    2080293      119          1           2  GGCTCTTGCACAGGTAA
     308  r    2080603      185          1           5  AGGTTTGAAGTGCTAAA
     308  f    2092438      525          1           3  AGTACCATTGATATTAA
     309  r    2093046       77          1           2  GGTCACAATAACCATTG
     309  f    2106132      133          1           1  GATAATCGCTTGATATT
     310  r    2106890      619          1           5  GGTTTGTATGGCGTTTT
     310  f    2120014       86          1           2  TTGTACGGGGGAAGTAA
     311  r    2120182       76          1           3  GTCTGTACTTCCGATGA
     311  f    2129488       88          1           2  CCCGAATTTGGCAGCAA
     312  r    2129969      387          1           3  CACAGTGACGTGCAGCG
     312  f    2130738      304          1           5  CGGTAGGTTACGCCTCT
     313  r    2131064       16          1              CAAAGGTGTTCTGGATC
     313  f    2134087      267          1           5  ATCAGGTAGAAGCGATG
     314  r    2134555      195          1           3  GTGCGCCGGTATCATAA
     314  f    2172626      155          1              GTACTGCCATTGCTATC
     315  r    2172984      197          1              AACACATCCCCCATCAC
     315  f    2175158       29          1              ATAGCCTGATAACCCGA
     316  r    2175558      365          1              TTACCCGAATCGCAACG
     316  f    2175554      171          1              CGATCATCTGTTGACAG
     317  r    2175753       22          1              TGGCGTTTTCGTCAGCA
     317  f    2178777       94          1              CAGGCATTCATTCCCGC
     318  r    2179119      242          1              TTGATGATGAACGGCTG
     318  f    2180595      136          1              TTTTTAACTACGGCGTC
     319  r    2180781       44          1              GATATCAATAACGTCGG
     319  f    2180777      305          1              CGGTCTTCACGGGTCAT
     321  r    2181536       26          1              TTGAAGTTCGTAGCAAA
     321  f    2183946      107          1              GCAAAAGTGAAAACAGA
     322  r    2184222      163          1              TCCCTTTGATTGAGATG
     322  f    2195480      345          1              GTAGCGACAATCGAGAG
     323  r    2195891       60          1              ATACGGGTTACCACAAA
     323  f    2216837      169          1              TTGATTTGGATTATCTC
     324  r    2217541      529          1              CTTCGCTTTCTGGTTCT
     324  f    2226652      345          1              CCGTTCGGTTCAGCATT
     325  r    2227109      106          1              GTGGCCCCCATTGGGTT
     325  f    2229741       78          1              ACCTCTCTACCACAAAA
     326  r    2230734      909          1              ACGTGCTGGCTCATCGT
     326  f    2230730       87          1              TTTAACGCGGTATTGTC
     327  r    2230891       68          1              GCAGGCCAGAGTCACAT
     327  f    2254414       33          1              CCAGAGTCAGTTTTTCA
     328  r    2254501       48          1           3  GCAAGCGGATGAAATTA
     328  f    2267812       51          1           2  TGCGACCTTGTAAGAAA
     329  r    2268386      517          1           2  AACGCGACTCAAGCTGT
     329  f    2271255       24          1              CCAGTGTTTAACACCCG
     330  r    2271393      108          1           6  GCACACGCATCCCCTTG
     330  f    2273387      202          1              ACTCGTCTGTCGCACCG
     331  r    2273759      164          1           1  ATTAAGCGTTCTATCTC
     331  f    2280614      341          1           7  GGATCTGTATCTGGCAT
     332  r    2281344      383          1           7  TGGCCGCCGCGCTTAAA
     332  f    2287128       88          1           2  TCACCCCATTTTGTTGG
     333  r    2287254       32          1           3  TCCATCCCACTGGAAAG
     333  f    2289939     1057          1           3  TTAACACCACCGATTCA
     334  r    2291018       16          1           2  AGCCAACCGCCGGGATC
     334  f    2305777       20          1              AAGTGAAAAATGGTCTG
      .   .       .           .          .           .          .
      .   .       .           .          .           .          .
      .   .       .           .          .           .          .

While statistical fluctuations lead to sporadic zero counts for
some tags, a long contiguous stretch indicates a deletion
in our sample with respect to the CO92 sequence.  In this 
case, the missing DNA is a pathogenicity island

Sean McCorkle
John Dunn
Daniel  van der Lelie

Nearly all tags matched the 
Genome or could be 
otherwise accounted for.

Brookhaven National Laboratory

DNA microarray

By ligating oligonucleotide cassettes containing the MmeI recognition sequence to DNA
that has been cut with another restriction enzyme, called the anchoring enzyme (NlaIII 
and MseI are just two possible choices),  tags of length roughly 20 bp can be cut off, 
collected, and sequenced in large quantities. 
 

Here are four schemes for locating tags.  Position reference features are shown in red,
anchor enzyme sites are show in purple, tags are in blue.

Genome Sequence Tags (GSTs) were collected from an avirulent strain of 
Yersinia pestis (EV766), for the purpose of comparing with the published 
genome sequence.   The project is detailed in  Dunn, et. al., Genome Research 12, 
p1756, 2002.   GSTs were defined at 3’-most  NlaIII (CATG) anchor sites 
in BamHI fragments.

Concatemer sequences were split into tags and processed with relatively
simple perl scripts, shown here in boxes.  split-tags splits concatemer 
sequences at anchor sites, determines polarity from punctuation, and 
filters out tags which are too short or too long.

Armed with groups of tags identified with organisms based on peak clustering,
the GST tag can serve as a PCR priming site, along with cassettes ligated onto
the fragment enzyme site.   Depending on enyme choices, these PCR products
can fall comfortabling in the 50 to 500 bp size range.  This provides a quick
entry point for detailed study of novel organisms, and also rapidly generates
large amounts of sequence for making new microarrays to test for the new
organism(s).

Surveying microbial communities
and discovering new organisms

By oversampling GSTs from a community (even a complex one),
a survey of microbes and their relative abundances can be conducted,
even for organisms whose genomes are presently unknown.

This poster prepared using TGIF and gnuplot.

Tag frequency histograms of oversampled GSTs from a 
mixture of genomes yield peaks of tags, one peak per
organism.  The means of the peaks are simply the relative
abundances of the organisms in the mix.  The total area
under each peak is a product of the number of GSTs in
the organisms genome and the number of samples.

GST sampling is democractic.  Tag frequencies 
follow a binomial distribution.  For low sample 
numbers, the distribution is approximately Poisson.
As the number of samples grows, the distribution 
becomes normal (Gaussian).

Making libraries for new
microarray probes

The result is a long change of many tags,
ready to sequence.

Finding heavily methylated
regions in Human DNA
Methylation-regulation irregularities may play a 
role in cancer development.  By running MseI fragments
from cancerous cell DNA through a methylation column
and then collecting GSTs from the fragment ends,
its is possible to locate the fragments to unique positions
in chromosome sequences.

RANBP17
RAN binding protein

LOC285587
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TLX3
T-cell leukemia, homeobox 3
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There are roughly 40 million MseI sites in the Human Genome.
A test protocol conducted on pancreatic cancer cell DNA has
yielded over a hundred GSTS, the bulk matching unique sites in
the Human Genome.  This diagram shows the neighborhood of
one such match in chromsome 5.  The fragment matched contains
a very CpG rich island, believe to play an important role in regulation
in cancer cells.

MseI sitesCpG rich Islands

Unique GST match in this fragment


